A laser system that is based on second-harmonic generation of a broad area laser diode and provides 23.2 mW of diffraction-limited light with narrow bandwidth is described. It is tunable from 487.4 to 489 nm. The broad area laser diode is frequency stabilized in an external cavity that yields 800 mW of diffractionlimited light. This infrared light is converted into the visible by use of a 1 cm periodically poled MgO:LiNbO 3 bulk crystal with a measured single-pass conversion efficiency of up to 3.6%͞W ϫ cm.
Introduction
For various applications in spectroscopy, reprographics, and medical diagnostics 1,2 coherent light sources in the blue and green spectral regions are required. Additionally these lasers should be compact, affordable, and efficient by providing good beam quality, small bandwidths, long lifetimes and long-term stability. Wavelengths that are dominated by gas lasers are of special interest since those gas lasers are bulky and show low efficiencies and high operation costs. Modern diode lasers are very small and deliver coherent light with high output powers along with good wall plug efficiencies. However, direct emitters in the blue based on GaN show limited lifetimes and are not yet commercially available at all wavelengths.
A common way to generate visible laser light is second-harmonic generation (SHG) of IR light. High conversion efficiencies of more than 50% have been demonstrated by SHG of diode pumped solid-state lasers (DPSSL). 3 However, those lasers are limited to certain wavelengths due to the fixed laser transitions of the solid-state materials. For example, Nd:YAGbased frequency doubled DPSSL systems are available for 473 and 532 nm. A new solid-state laser system is based on optically pumped semiconductor lasers (OPSLs). 4 With that laser system high output powers could be obtained at 488 nm by using intracavity SHG.
Recently, diode lasers in the near-infrared (NIR) spectral region that deliver several watts of output power have become available. Additionally, recent developments in the fabrication of periodically poled crystals allow highly efficient single-pass SHG of such lasers. 5, 6 Several solutions using the combination of diodes and poled crystals have been presented. [5] [6] [7] [8] [9] [10] [11] [12] [13] These include the use of waveguides 10 and bulk nonlinear crystals, mode-locked diodes, 8 vertical emitting diodes, 9 ridge lasers, 10 broad area diodes 11 and tapered laser diodes in an external cavity, 12 and distributed feedback lasers with tapered amplifiers in a master oscillator power amplifier setup. 13 Broad area laser diodes are cheap and provide high output powers of several watts. Mainly they suffer from their low beam quality ͑M 2 Ͼ 60͒ and, typically, a high bandwidth of approximately 2 nm. This combination results in very low efficiencies in nonlinear applications such as SHG. However, with the use of external cavities it is possible to improve beam quality and influence the spectral behavior by using diffraction gratings. 14,15
Experimental Setup
The external cavity (Fig. 1 ) is based on a special V-shaped design 14, 15 that was developed to improve the beam quality of a broad area laser diode. It consists of a gain guided GaAlAs broad area laser diode with an antireflection (AR)-coated front facet, two cylindrical lenses, a slit aperture, and a diffraction grating in a Littrow configuration.
The AR-coated laser diode has a width of 400 m (slow axis), a height of 1 m (fast axis), and a length of 1500 m and shows a broad spectral emission of more than 20 nm (FWHM). Because of the small dimension of the diode in the direction of the fast axis a nearly waveguide structure is realized, and only one transversal mode will propagate in this direction. The highly divergent but diffraction-limited light is collimated by an aspherical lens (fast axis collimator, FAC) with a high numerical aperture of NA ϭ 0.7. In the direction of the slow axis the diode is 400 times larger, and many transversal modes can arise. Therefore the slow axis beam quality is the major drawback of broad area diodes. The V-shaped resonator is explicitly designed to take advantage of the transversal emission behavior in the slow axis direction while the fast axis emission remains mainly uninfluenced by this cavity.
The two cylindrical lenses L1 and L2 form an f-f telescope in the slow axis between the diode and grating while the slit aperture is placed in the focal plane between both lenses. The combination of the first slow axis cylindrical lens L1 ͑f ϭ 40 mm͒ and the slit aperture forces the light to travel under a certain angle to the surface normal to the emitter. This leads to a drastic improvement of the beam quality of the diode by coupling the chip's internal transversal modes. The second cylindrical lens L2 ͑f ϭ 300 mm͒ in the slow axis path in combination with the diffraction grating and the slit aperture acts as spectral filter.
Experimental Results
The external cavity containing the broad area diode provides 800 mW of nearly diffraction-limited light with M 2 ϭ 1.25 at a pumping current of 3.0 A. The laser diode without external cavity and AR coating provides approximately 2.5 W of optical output power at a pumping current of 3.0 A. The resulting wall plug efficiency of the external cavity diode laser is 25%. Figure 2 shows the spectrum of the IR light of the external cavity measured with a Fabry-Perot etalon with free spectral range (FSR) ϭ 50 GHz. A line width of 9 GHz that results in ⌬ Ͻ 0.25 nm (FWHM) could be obtained. Furthermore the emission wavelength is tunable over a range of more than 20 nm centered at 976 nm with a side mode suppression of more than 45 dB.
Owing to the different dimensions of the laser diode in the slow and fast axes the outcoupled light shows a strong astigmatism that is corrected by two crossed cylindrical lenses L3 and L4. The light is focused via the slow axis lens L3 ͑f ϭ 150 mm͒ and the fast axis lens L4 ͑f ϭ 60 mm͒ into the temperature stabilized periodically poled MgO:LiNbO 3 (PPLN) bulk crystal. The crystal (HCPhotonics, http://www.hcphotonics.com) has a length of 10 mm, a width of 3 mm, and a height of 0.5 mm. For this crystal the optimal beam waist radius is w 0 ϭ 20 m (after Boyd and Kleinman 16 ). The acceptance bandwidth of the crystal is in the range of 0.1 nm, which is well above the linewidth of the external cavity diode laser.
This SHG resulted in 23.2 mW of blue light using an IR laser power of 800 mW. For small conversion efficiencies the power of the second-harmonic light as a function of the fundamental power can be approximated by the quadratic equation
This results in a maximum conversion efficiency of ϭ 3.6%͞W ϫ cm. The overall SHG efficiency was 2.9% resulting in a wall plug efficiency of 0.7%. Figure 3 shows the power of the second harmonic ͑P SHG ͒ Fig. 1 . Schematic of the V-shaped laser setup. It consists of an anti-reflection-coated broad area laser diode, FAC f ϭ 0.9 mm, L1 cylindrical lens f ϭ 40 mm (slow axis), L2 cylindrical lens f ϭ 300 mm (slow axis), L3 cylindrical lens f ϭ 150 mm (slow axis), L4 cylindrical lens f ϭ 60 mm (fast axis). Fig. 2 . Line width of the infrared pump light at a pumping current of 3.0 A and an optical output power of 800 mW. Fig. 3 . Power of the blue light ͑P SHG ͒ as a function of the power of the infrared light ͑P IR ͒ for four different crystal temperatures (with quadratic fit).
as a function of the power of the fundamental wave ͑P IR ͒ for four different crystal temperatures. For a crystal temperature of 66°C the quadratic fit of the experimental results leads to an average conversion efficiency of ϭ 3.5%͞W ϫ cm, and at 60°C an average efficiency of ϭ 3.0%͞W ϫ cm was obtained.
The spectra of the generated blue and the IR pumping light are depicted in Fig. 4 . For both cases a bandwidth of 50 pm was measured, which is equal to the resolution limit of the optical spectrum analyzer. The sideband suppression was better than 40 dB.
The beam quality of the SHG signal was approximately as good as that of the IR laser. For the measurement a moving slit technique was used to determine the second moments of the intensity distribution. Values of M 2 Ͻ 1.25 were observed in all cases and for both axes. Figure 5 shows the caustic of the blue light in the slow axis at 2.5 A injection current and 20 mW output power resulting in M 2 ϭ 1.15. Additionally, it was possible to tune the emission wavelength of the blue light by tilting the grating of the IR laser resonator and adjusting the temperature of the PPLN crystal. Figure 6 shows the wavelength as a function of the crystal temperature. From room temperature to 66°C a tuning range of more than 1.5 nm with a temperature coefficient of ␣ ϭ 0.039 nm͞K was observed. The output powers were well above 16 mW in all cases. Once set to an operating wavelength, the system was able to run stably for several hours. Since the temperature acceptance of the crystal is rather small a very precise temperature control is necessary.
Conclusion
Based on previous results an external cavity for a broad area laser diode at a wavelength of 976 nm was realized. The cavity was designed to improve the beam quality of the broad area laser and to narrow the emission wavelength to 9 GHz. With this laser it was possible to generate 23.2 mW of blue light at a center wavelength of 488 nm by the use of a temperature stabilized PPLN bulk crystal. By changing the crystal temperature it was possible to tune the blue light over 1.6 nm at approximately 488 nm with output powers above 16 mW in all cases. The beam quality of the blue light was measured to be better than M 2 ϭ 1.25. A SHG conversion efficiency of up to 3.6%͞W ϫ cm was obtained. To our knowledge this represents the highest single-pass conversion efficiency achieved with broad area diode lasers. For a Fig. 4 . Spectra of (a) generated blue light and (b) infrared pump light at an injection current of 2.5 A and an overall output power of 20 mW. further increase of the output power in the blue spectral range higher IR pump powers are necessary. For the IR external cavity diode laser system presented here the use of longer crystals or intracavity SHG can also be considered.
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